We present the first highly-resolved measurements of the plasmon spectrum in an ultrafast heated solid. Multi-keV x-ray photons from the Linac Coherent Light Source have been focused to one micrometer diameter focal spots producing solid density aluminum plasmas with known electron density of ne = 1.8 × 10 23 cm −3 . Detailed balance is observed through the intensity ratio of upand downshifted plasmons in x-ray forward scattering spectra measuring the electron temperature. The plasmon damping is treated by electron-ion collision models beyond the Born approximation to determine the electrical conductivity of warm dense aluminum. With the advent of the Linac Coherent Light Source (LCLS) [1] and the commissioning of the Matter in Extreme Conditions (MEC) instrument [2] , a record peak brightness x-ray beam has become available to study the physical properties of states of matter at high energydensity. In the simplest geometry, LCLS delivers 10 12 multi-keV x-ray photons at 120 Hz in 25 fs-long pulses that are focused to micron-sized focal spots heating solid targets homogeneously and isochorically to temperatures in excess of 1 eV. The highly directional x-ray laser beam provides record peak brightness with a narrow bandwidth, ∆E/E = 10 −4 , allowing spectrally-resolved xray Thomson scattering experiments [3] with unprecedented signal-to-noise, spectral and wavenumber resolution. Combined with a suite of optical and x-ray diagnostics, MEC thus allows high-precision measurements of the electronic response of matter, particularly in the warm dense matter (WDM) regime [4] .
Accurate models of WDM are important for simulations in planetary physics, e.g., for the study of planetary interiors [4] [5] [6] , or for simulations of inertial confinement fusion implosions [7] [8] [9] . The latter requires knowledge of the electrical conductivity in the WDM regime for simulations of the Rayleigh-Taylor instability growth [10] and to accurately model the assembly of thermonuclear fuel.
Previous measurements of the electrical conductivity especially the static conductivity were performed on compressed [11] [12] [13] [14] and uncompressed matter [15] [16] [17] [18] [19] [20] [21] [22] [23] . In these studies, the lack of accurate plasma characterization techniques in the transient WDM regime have made comparisons and critical experimental tests of conductivity calculations challenging. On the one hand, theoretical estimates [24] [25] [26] [27] [28] and simulations [29, 30] of the conductivity exist and are widely used. On the other hand, experiments have shown order-of-magnitude discrepancies between measurements and calculations [13, 19, 20] . Predictions of non-Drude conductivities and non-Born collisions have been performed in recent studies [31] [32] [33] [34] [35] and await testing with accurate measurements. Consequently, it is important to provide accurate conductivity measurements with simultaneous and independent characterization of densities and temperatures.
In this paper, we demonstrate highly accurate measurements of the plasmon x-ray scattering spectrum. Our data yield plasmon frequency, damping, and electron temperature. These precision measurements of the longitudinal electron plasma (Langmuir) oscillations, enabled by the ultra bright LCLS x-ray beam, provide unprecedented data with resolution and noise levels well beyond the accuracy obtained from previous experiments utilizing laser-driven x-ray sources [3, 36] and thus allow us to infer the dynamical electrical conductivity σ.
Here the density of ultrafast isochorically heated aluminum is known a priori [37, 38] and the temperature is inferred from first principles using the detailed balance relation [39] . The comparison with theoretical predictions confirms that the plasmon spectrum is sensitive to frequency-dependent electron-ion collision processes which are related to the electrical conductivity. By taking into account strong collisions and dynamical screening [31, 40] , collisions are treated beyond the Born approximation. We find that this theory establishes agreement with our experimental observations near the plasmon resonance frequency. The collision frequency ν found in this way is complex and frequency dependent, in contrast to the collision frequency evaluated within the relaxation time approximation [24] . It determines the conductivity via the generalized Drude expression [43] whereas the back scattering spectrometer for scattering angles of 60 • provides a highly resolved measure of the source function using a GaAs crystal [44] . (b) Pulse shape and calculated electron temperature as function of time from the collisional-radiative code SCFLY [45] using focal spot sizes of 1 µm (10 µm) predicting final temperatures of 5.95 eV (0.06 eV). [31] as function of frequency shift ∆ω = ω f − ω i between initial and final electrical field frequency.
The experiment has measured the frequency and angularly-resolved x-ray scattering spectra of plasmons in isochorically-heated aluminum. We utilize 50 µm thick foils that were simultaneously heated and probed with the ultrafast free-electron x-ray laser beam at LCLS [2, 41] , cf. Figure 1 . The x-ray energy of E LCLS = ω LCLS = 7.98 keV was chosen so that the attenuation length matched the thickness of the foils, leading to isochoric x-ray heating by photoabsorption. We varied the heating by setting the x-ray focal spot (FWHM) to either 1 µm or 10 µm through the use of compound beryllium refractive lenses [42] . After the 25 fs (FWHM) pulse thermal equilibrium has been established, cf. Figure 1 
To avoid distortion of the plasmon spectra with spectral noise from x-ray amplification [46] , the LCLS was operated in the high-resolution seeded mode [47] . Further, adjustable forward scattering spectrometer provides measurements at wave numbers between k = 0.35Å −1 and k = 2.1Å −1 . The small source size and the focusing of the LCLS beam leads to an extremely small uncertainty of δθ = 0.3 • and δk = 0.02Å −1 [46] .
The total scattering spectrum depends on the dynamic structure factor with contributions from all electrons, usually described via the Chihara formula [3] . For inelastic plasmon scattering we only consider the con- tributions of free (delocalized) electrons, whose spectrum is sensitive to the plasma conditions. During the scattering process, x-rays can either gain or lose energy close to the plasmon resonance frequency ω res , ∆ω res = |ω LCLS ± ω res |. This leads to a pair of upand downshifted peaks, whose relative intensity is determined by the electron temperature T e via the detailed balance relation [3] S 0 ee (k, ∆ω res )/S 0 ee (−k, −∆ω res ) = exp (− ∆ω res /(k B T e )). S 0 ee is the dynamic structure factor of free electrons. Figure 2(a) shows the experimental Thomson scattering data from 2000 shots with a 1 µm focal spot size. Also shown is the instrument function extracted from the spectral comparison of the forward and backward scattering spectrometers (see Figure 1 ), deconvolved data, and various theoretical calculations. The data indicate an elastic scattering peak at the energy of the incident LCLS x-ray beam together with a strong plasmon resonance that is downshifted in energy by ∆E res = ∆ω res = 19 eV. Due to the high signal-to-noise ratio and accurate x-ray source monitoring we are also able to resolve the upshifted plasmon on the blue wing at E = 7999 eV. Detailed balance determines the temperature to T e = (6 ± 0.5) eV. The error bar was calculated from the least square method that applies a 5% deviation between calculated and measured upshifted plasmon. Figure 2 (b) shows the upshifted plasmon and calculations which confirm the electron temperature of T e = 6 eV (T e = 0.2 eV) at the end of the heating process with the 1 µm (10 µm) focus [50] . The 6 eV best fit temperature agrees with SCFLY calculations, cf. Figure 1(b) . Figure 2 (a) compares measured and deconvolved spectra with calculations that take into account collisional damping using different approximations. For the calculations, we use T e = 6 eV and an ionization degree of Z f = 3 which yields electron densities of n e = 1.8·10 23 cm −3 . This result is consistent with SCFLY [45] and COMPTRA04 [28] calculations. The Random-Phase Approximation (RPA) neglects collisions [54] . Collisional damping is considered via the collision frequency ν within the Mermin approach (MA) [48, 49] that in each case includes also local-field corrections [40] . In general, the collision frequency is complex and frequency dependent.
The comparison of the scattering data with calculations shows that a frequency dependent particle-particle collision operator [50] fits the experiment (best fit). Although some discrepancies between data and theoretical spectra exist, we find that the Gould-DeWitt theory (GDW) ν GDW (∆ω) = ν Born + (ν LB − ν Born ) + (ν TM − ν Born ) approximates the averaged energy shift and the low-energy shift behavior of the plasmon. This approach takes into account weak collisions via the Born approximation ν Born , strong collisions in the T-matrix approximation ν TM [31] , and dynamic screening via the Lenard-Balescu collision frequency ν LB [31] . These calculations use Coulomb potentials for electron-ion interactions and neglect ionic structure correlations, i.e. the static ion-ion structure factor S ii = 1. Figure 3 (a) shows the collision frequency calculated for the conditions of the experiment. The real part of the collision frequency accounts for absorption and the imaginary part for a phase shift of the electrical field, both caused by collisions in the responding plasma. In contrast to the Born approximation, the real part of the GDW approximation shows a sharp maximum near ω pl,e . In addition, GDW yield a negative imaginary part consistent with the best fit results [50] . This property has also been seen in simulations [55] . For our conditions we find that both features are induced by dynamical screening of the electron-ion system describing the influence of collective effects, e.g., plasma oscillations, on the interaction of the plasma with electrical fields. Collective effects lead to additional damping and a shift of the electrical field phase. Figure 3 (b) shows the complex electrical conductivity from the generalized Drude expression inferred from the experimental data [50] , GDW, and Born collision frequencies. The dc conductivity σ dc = σ(∆ω → 0) is determined from the data extracted collision frequency [50] leveling off to a constant value for ∆ω/ω pl,e = 0. In comparison to the Born approximation, GDW shows better agreement with the imaginary part of the experiment near the plasma frequency ω pl,e implying the relevance of a consistent treatment of collective plasma effects. Figure 4 shows the dc conductivity of this work, the experiments of Desai et al. [15] , Gathers [18] , and Milchberg et al. [20] , and theoretical models of Lee and More [24] , Spitzer et al. [56] , Faussurier and Blancard [29] and our theories [25, 57] . Within the Lee and More and Spitzer model the Coulomb logarithm of Ref. [58] was used. The dc conductivity agrees in the warm dense matter regime with the Born [57] model assuming screened Coulomb interactions and no ion-ion correlations. Furthermore, our improved Born model [50] reproduces the experimental values in the warm dense matter regime as well as near the melting point. This model applies ion-ion structure factors from classical-map hypernetted chain calculations [59] and temperature dependent pseudopotentials [60] containing Pauli blocking by core electrons.
For aluminum at T e = (0.2 ± 0.1) eV, we find (1.3 ± 0.7) · 10 6 S/m. This value is slightly lower than previous measurements by Desai et al. 2.4 · 10 6 S/m [15] . Note, we studied isochorically heated aluminum whereas Desai et al. and Gathers apply a density dependent correction to account for a heated expanding aluminum liquid. Within the error bars, our result (0.36 ± 0.12) · 10 6 S/m at T e = (6.0 ± 0.5) eV is in agreement with our calculations using the Born approximation 0.37 · 10 6 S/m and the Born approximation applying a pseudopotential and ion-ion structure factor resulting in 0.46 · 10 6 S/m. It is smaller than our calculations using the GDW [31, 55] , 0.59·10 6 S/m, and larger than the model of Lee and More [24] , 0.22 · 10 6 S/m. In contrast to our results at T e = 6 eV, previous measurements by Milchberg et al. [20] show higher conductivity values of 1.053 · 10 6 S/m. To explain the results of Ref. [20] , following works [27, 61] have suggested corrections to the temperature.
In conclusion, we successfully observed highly resolved plasmons by x-ray Thomson scattering in warm dense aluminum isochorically heated and probed with the seeded LCLS beam. We obtain down-and an upshifted plasmons that provide an accurate measurement of the electron temperature. Our measured line profile allow us to extract the complex dynamical conductivity. Using standard relations, we also infer the dc conductivity. Compared to our quantum statistical theory, the imaginary part of the dynamical conductivity agrees quite well but discrepancies persist for the real part possibly indi- [56] , Faussurier and Blancard [29] (black), GDW [31] (red), and Born [57] (blue) are indicated (screened Coulomb interaction, no ion-ion correlation). To study the influence of the ion-ion structure factor and a pseudopotential [60] , the dc conductivity with the corresponding Born collision frequency (Born improved, violet) is also shown.
cating a lower electron density in warm dense matter. Taking into account ionic structure correlations and Pauli blocking our Born model reproduces our inferred dc conductivities in the warm dense matter and near the melting point. It will be important to continue investigating the conductivity in experiments with various temperatures and elements, but also to improve the theoretical approaches to explain the measured data.
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